





CAPILLARY BLOOD AS A POTENTIAL ALTERNATIVE TO VENOUS BLOOD FOR 













A thesis submitted to the faculty at the University of North Carolina at Chapel Hill in partial 
fulfillment of the requirements for the degree of Master of Arts in the Department of Exercise 













         Approved by: 
 
Erik D. Hanson 
 
Anthony C. Hackney 
 















































Kaileigh M. Moertl 













Kaileigh M. Moertl: Capillary Blood As A Potential Alternative To Venous Blood For Complete 
Blood Count Analysis Following Acute Exercise In Males And Females 
(Under the direction of Erik D. Hanson) 
 
To compare the agreement and accuracy of complete blood counts (CBC) from capillary 
and venous blood sampled before and after acute aerobic exercise, 22 healthy men and women 
exercised for 40 minutes at 94% of ventilatory threshold. White blood cells increased by 51% 
(p<0.001) following acute exercise. There were no interactions of sampling site, time, and sex on 
CBC parameters. Lymphocytes, white blood cells, neutrophils, and hematocrit were slightly higher 
in venous blood after exercise. Lymphocytes, white blood cells, mixed cells, and neutrophils were 
strongly correlated at all timepoints (r>0.8, p<0.05) with good agreement, while mixed cells, 
hemoglobin, and hematocrit were strongly correlated at baseline (r>0.7, p<0.05), but showed 
weaker, non-significant correlations following exercise. These data suggest capillary sampling 
may be a useful alternative to venous sampling for measuring white blood cell counts following 
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CHAPTER I: INTRODUCTION 
 
Venipuncture, commonly known as venous blood sampling, can be difficult in certain 
individuals if access to veins is reduced or nonexistent. Capillary sampling may be an alternative 
solution to venous sampling when analyzing hematological and immunological parameters. A 
verified alternative method will provide researchers with a tool that helps avoid missed/repeat 
draws, minimizes blood sample volumes (MacLennan et al., 2007; Sitoe et al., 2011), lowers 
phlebotomy cost and training (Nunes et al., 2006), and minimizes disturbance to athletes and 
participants during exercise (de Oliveira et al., 2008). While studies have investigated the 
comparison of capillary and venous sampling for some physiological measures at rest, research is 
needed to better understand the agreement of the two methods at rest and following acute exercise. 
This gap in knowledge surrounding capillary sampling as an alternative method to venous 
sampling will be expanded upon in the following paragraphs. 
Venous blood sampling is widely used for routine laboratory tests and research that 
requires blood collection. Due to technological advancements in blood analysis equipment over 
the past three decades, the amount of blood required to perform complete blood counts (CBC) 
using automated hematology analyzers has been reduced. For example, the Sysmex Hematology 
Analyzer that is currently in use in the biochemistry laboratory in Fetzer Hall at the University of 
North Carolina at Chapel Hill can run whole blood samples with as little as 50 µL of whole blood 
and produces results within minutes. It is also capable of analyzing pre-diluted blood samples, 
which only requires 20 µL of whole blood. Because of the small volume required, CBCs can 
therefore be analyzed using capillary samples. In practice, capillary blood sampling is routinely 
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used in neonates because it reduces the risk of anemia (Procedures and Devices for the Collection 
of Diagnostic Capillary Blood Specimens, 2008) by decreasing the risk of total blood volume 
reduction in the infant’s circulation (Howie, 2011). Capillary blood sampling is also commonly 
used for point-of-care testing in adults (e.g., blood glucose levels at rest and blood lactate levels 
during and after exercise) where small blood volumes or frequent sampling are required more 
readily with minimal physical discomfort or distress (Chavan et al., 2016; Hanson et al., 2019; 
Mann et al., 2013; Nunes et al., 2006; Olney et al., 2018). The simplicity of capillary sampling 
compared to venous sampling may provide flexibility and convenience during repeat blood 
sampling if a relationship between the two methods can be established.  
The CBC is a common hematological diagnostic tool used clinically and in research and 
includes a wide range of outcomes, including white blood cell (WBC) and red blood cell (RBC) 
counts, hematocrit (HCT), and hemoglobin (HGB) concentration. If the CBC includes a WBC 
differential, a breakdown of the counts and frequencies of lymphocytes (LYM), neutrophils 
(NEUT), and mixed cells (MXD) is provided. CBCs are commonly performed with acute and 
chronic exercise to analyze changes in hematological parameters within participants, such as 
reporting plasma volume shifts (Bartlett et al., 2017; Hanson et al., 2020). CBCs are also frequently 
used for exercise immunology studies to provide direct insight about whether an immunological 
response occurred with acute exercise (Hanson et al., 2019). 
Literature surrounding capillary sampling as an alternative to venous sampling for 
measuring CBC outcomes at rest present inconsistent results. Most evidence in this area suggests 
that the two methods do not significantly differ at rest for several hematological outcomes, 
including LYM, WBC, HCT, HGB, and NEUT concentrations, and therefore, capillary sampling 
can be appropriately used in place of venous sampling for these measurements at rest. As detailed 
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further in Chapter II, studies have demonstrated strong correlations (all r>0.60, p<0.05) for WBC, 
RBC, HGB, HCT, LYM, and NEUT concentrations (Chavan et al., 2016; Kim et al., 2009; 
Podgorski et al., 2014), as well as high levels of agreement and non-significant differences in mean 
values for many CBC measurements (Simmonds et al., 2011; Yang et al., 2001). However, data 
has also shown that CBC variables such as WBC, RBC, HGB, and HCT concentrations are higher 
in capillary blood (Schalk et al., 2007; Yang et al., 2001). Therefore, it is currently unclear as to 
whether capillary sampling can be used as a reliable alternative method when measuring all CBC 
variables. 
Comparative studies have also looked at specific immune cell populations (subsets of 
leukocytes, such as T-cells and natural killer cells) at rest and have frequently provided evidence 
supporting the use of capillary sampling in place of venous sampling. Evidence in this area has 
also demonstrated strong correlations (r>0.60) and non-significant differences in concentrations 
of several immunological parameters (Canetti et al., 2016; Srisala et al., 2019). However, a few 
studies have provided conflicting results, indicating the need for more data to support capillary 
sampling as an agreeable and alternative method for venous sampling when measuring specific 
immune cells (Cracknell et al., 1995). While research has investigated these immune cell 
populations at rest, there is a lack of data for the comparison of the two methods following a bout 
of acute exercise. 
To our knowledge, both CBCs and general immune cell populations from capillary and 
venous blood draws have not been compared before, during, and after acute exercise. However, 
exercise studies have compared and indicated that physiological measures such as plasma 
interleukin-6 (IL-6), creatine kinase, cortisol, blood lactate, and human growth hormone levels 
sampled from capillary blood strongly correlate (r>0.60) with samples from venous blood (Cullen 
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et al., 2015; de Oliveira et al., 2018; Faulkner et al., 2014; Fryer et al., 2014; Godfrey et al., 2004; 
Williams et al., 1992). As mentioned previously, exercise physiology studies commonly utilize 
CBCs in order to evaluate plasma volume shifts and immune responses to an acute exercise bout. 
There is a critical need to investigate the agreement of capillary and venous sampling post-exercise 
in order to provide researchers with a valid, alternative tool for measuring and analyzing blood 
samples. The evidence provided in Chapter II supports this study’s investigation into the two 
methods, as well as its hypothesis that capillary sampling and venous sampling will provide 
agreeable results for CBC measurements after an acute exercise bout. 
In addition, several comparative studies between capillary and venous blood samples 
include both males and females in their sample populations (Canetti et al., 2016; Cullen et al., 
2015; Flohr et al., 1996; Kayiran et al., 2003; Moe et al., 1970; Schalk et al., 2007; Srisala et al., 
2019). However, no study that we are aware of has specifically reported biological sex differences 
between sampling methods. The aforementioned research studies have analyzed males and females 
together when comparing capillary and venous blood samples, but it is unknown if biological sex 
causes differences in hematological measurements sampled from capillary blood. While there is 
minimal evidence directed toward the effects of biological sex on capillary and venous blood 
samples, the present study will explore these differences in order to assess if it is appropriate to 
pool males and females into one group when comparing sampling methods after acute exercise. 
While venous blood is used for standard analysis of hematological outcomes, capillary 
blood is effectively being shown to provide comparable results, as detailed in Chapter II. This 
method reduces the need for the standard 5-10 mL of venous blood that is commonly sampled 
from participants. While studies have compared CBC and immune cell measurements at rest and 
different physiological markers after exercise, it is important to evaluate both the precision and 
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accuracy of capillary sampling compared to venous sampling post-exercise. This study will 
address the agreement (using correlational and Bland-Altman analyses) and accuracy (by 
comparing means) between capillary blood sampling and venous blood sampling in CBC 
parameters following a moderate intensity exercise bout on a stationary cycle ergometer. 
Purpose 
 The primary purpose of this study was to evaluate the level of agreement and accuracy 
between capillary and venous sampling of lymphocyte concentrations before, immediately after 
acute aerobic exercise, and into recovery. The secondary purpose of this study was to evaluate the 
agreement and accuracy between capillary and venous sampling of five CBC measures (WBC, 
MXD, NEUT, HGB, and HCT) before, immediately after acute aerobic exercise, and into 
recovery. Finally, the exploratory purpose of this study was to examine potential biological sex 
differences within the CBC measures between capillary and venous blood sampling before, 
immediately after acute aerobic exercise, and into recovery.  
Research Questions 
1. What are the levels of agreement and accuracy of lymphocyte concentrations sampled from 
capillary and venous blood at rest, immediately after, and 30 minutes after a 40 minute 
bout of stationary cycling at 90-98% of ventilatory threshold? 
2. Do complete blood count measures (white blood cells, mixed cells, neutrophils, 
hemoglobin, and hematocrit concentrations) sampled from capillary blood agree with those 
respective measures sampled from venous blood at rest, immediately after, and 30 minutes 
after a 40 minute bout of stationary cycling at 90-98% of ventilatory threshold? 
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3. Are there biological sex differences within complete blood count measures sampled from 
capillary and venous blood at rest, immediately after, and 30 minutes after a 40 minute 
bout of stationary cycling at 90-98% of ventilatory threshold? 
Research Hypotheses 
1a. There will be no difference in the mean of lymphocyte concentrations between capillary and 
venous blood at rest, immediately after, and 30 minutes after exercise. 
1b. The correlation coefficient between lymphocyte concentrations from capillary and venous 
samples will be >0.60 at rest, immediately after, and 30 minutes after exercise. 
2a. There will be no difference in the mean of CBC measures between capillary and venous blood 
at rest, immediately after, and 30 minutes after exercise. 
2b. The correlation coefficient between CBC measures from capillary and venous samples will be 
>0.60 at rest, immediately after, and 30 minutes after exercise. 
3a. There will be no differences between males and females when comparing capillary and venous 
samples of CBC measures at rest, immediately after, and 30 minutes after exercise. 
3b. The correlation coefficient between CBC measures of males and females from capillary and 
venous samples will be >0.60 at rest, immediately after, and 30 minutes after exercise. 
Assumptions 
1. Participants followed pre-assessment guidelines. 
2. Participants accurately and truthfully filled out their medical history and physical activity 
readiness questionnaires. 
3. Female participants gave an honest and accurate account of their menstrual cycle. 
4. Participants gave an honest account of their exercise routines and therefore fit our inclusion 
criteria for physical activity. 
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5. Participants gave maximal effort on the graded exercise test. 
Delimitations 
1. The sample contained both males and females between the ages of 18 to 35 years old. 
2. All participants were at least recreationally active, defined by the American College of 
Sports medicine as exercising moderately (40-60% of heart rate reserve (HRR) or oxygen 
uptake reserve (VO2reserve)) for 30-60 minutes at least 5 days per week or vigorously (60-
90% HRR or VO2reserve) for 20-60 minutes at least 3 days per week or a combination of the 
two. 
3. All participants had no contraindications for exercise testing. 
4. All participants were non-smokers. 
5. All participants had a body mass index <30. 
6. Menstrual cycle was controlled for by testing female participants during the first 10 days 
of their menstrual cycle for visits 2 and 3. 
7. Female participants were excluded if they used a hormonal intrauterine device. 
8. Female participants were excluded if they were pregnant and/or breastfeeding and did not 
experience a regular menstrual cycle. 
Limitations 
1. Sedentary individuals were excluded from the study. 
2. Individuals above 35 years old were excluded from the study. 
3. Specific immune cell populations were not analyzed. 




Significance of Study 
An alternative blood sampling method to venipuncture will be a useful tool for exercise 
physiologists to help navigate issues related to blood draws during exercise, particularly those who 
work with populations that have compromised vasculature, so that they can accurately measure 
biomarkers and immune markers in their participants. Capillary sampling is a simpler and less 
invasive protocol for collecting blood samples, which could make blood sampling more accessible 
to researchers. This would be accomplished by cutting costs and minimizing training as compared 
to the venipuncture technique used within traditional phlebotomy. Venipuncture is regarded as the 
“gold standard” for blood sampling in adolescents and adults, but it can be painful and distressing 
for certain individuals. It can also be logistically difficult in certain populations, such as those who 
have clot-forming tendencies, scars and/or burns on one or both arms, or cancer patients who do 
not have easily accessible antecubital veins to use for blood draws. These populations have a high 
chance of requiring multiple attempts due to inaccessible veins. Additionally, venous sampling 
requires more training than capillary sampling, as it is more invasive and carries more risk to 
participants. As far as we are aware, there is currently no literature that answers this study’s 
specific research questions, which meant there was a need for determining if capillary blood 
samples can be used to accurately measure hematological and immunological outcomes following 







CHAPTER II: LITERATURE REVIEW 
 
 This review is divided into three sections: 1) The comparison of capillary blood and venous 
blood for hematological parameters; 2) The comparison of capillary blood and venous blood for 
immunological parameters; and 3) The comparison of capillary blood and venous blood in 
response to exercise. 
Comparison of Capillary Blood and Venous Blood for Hematological Parameters 
 Hematological parameters are used to assess and monitor individuals’ health status. 
Changes in these parameters can reflect disorders such as anemia, inflammation, and infection 
(Arika et al., 2016). Hematological parameters are commonly studied and analyzed in clinical 
settings and provide a baseline analysis of health and if applicable, toxicity in the body (Ramsingh, 
2010). There are many different hematological parameters, but a few of the major parameters 
include WBC, RBC, HCT, HGB, and WBC differentials. Currently, there is debate in the literature 
surrounding the comparability of venous and capillary blood sampling methods. Many studies 
support the finding that capillary sampling can be used as an agreeable alternative to venous 
sampling for certain hematological outcomes, while other studies report that the two methods 
produce different results. 
 There have been multiple studies that have compared venous and capillary sampling in 
healthy adults. Simmonds et al (2011) investigated the hematological parameters sampled between 
venous blood from the antecubital veins of the forearm, capillary blood from the earlobe, and 
capillary blood from the middle finger. This study found that in a group of 12 healthy adults (both 
male and female), between the ages of 21 and 39 years, the concentration of HCT and RBC 
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deformability were not different between venous and capillary sampling. They also found that 
there were no differences between the two sampling methods for group averages of RBC 
aggregation. Interestingly, they showed that the agreement between the finger-prick method and 
venipuncture was stronger than the agreement between the earlobe method and venipuncture. This 
study suggests that capillary blood sampling from a finger-prick could be considered an alternative 
to venous sampling when analyzing HCT and RBC deformability and aggregation (Simmonds et 
al., 2011). A different study compared circulating hematological measures in 42 healthy adults, 
which resulted in strong correlations in HGB values (r=0.987), blood volume and mean platelet 
volume (0.94 < r < 0.98), and the conclusion that capillary blood sampling produces similar total 
HGB concentrations to venous blood (Hütler et al., 2000). Nunes et al (2006) compared skin 
puncture to venipuncture in adult athletes of both sexes and found that there were no differences 
between LYM, platelets, creatine kinase, urea, and creatinine in venous and capillary blood. All 
of these values also exhibited strong positive correlations calculated with Pearson correlation 
coefficients (Nunes et al., 2006). Another study that supports capillary sampling as an alternative 
to venous sampling was completed in 310 adults and showed no significant differences between 
the mean values of all CBC parameters, as well as strong correlations for WBC, HGB, LYM, 
monocytes and granulocytes (all r>0.60) (Rao et al., 2011). All of these findings provide evidence 
that capillary blood sampling is a reliable alternative to venous blood sampling for certain 
hematological measurements. 
 Other investigations in healthy adults have shown mixed results regarding the 
comparability of capillary and venous blood. In healthy athletes (n=40) at rest, 16 out of 18 
parameters showed no significant differences between capillary blood and venous blood and 7 
parameters (including LYM, WBC and HGB) demonstrated high correlation indices (all r>0.77). 
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Of the 18 parameters studied, only mean platelet volume and mean corpuscular volume showed 
clinically significant differences (3.0% higher and 0.3% lower in capillary blood, respectively) 
(Podgorski et al., 2014). They also found that capillary blood resulted in lower mean values for 7 
out of the 18 parameters, but the differences were less than 1%. The reasons for these differences 
are largely unknown, but could be attributed to potential sampling error or hemolysis of 
erythrocytes in the collection tube (Podgorski et al., 2014). Yang et al (2001) demonstrated 
similarly mixed patterns to the aforementioned study when comparing capillary and venous blood 
sampling outcomes in healthy adults (n=24). They found that WBC concentrations and large 
leukocyte (LEUK) ratio were respectively 9.2% and 3.6% higher in capillary blood compared to 
venous blood, which is considered clinically significant. These discrepancies are potentially 
explained by the localized immune stimulation that occurs during a finger-prick, which results in 
an accumulation of granulocytes. However, this study also found no differences in HGB, RBC, 
HCT, platelets, or small LEUK counts. Due to the mixed results from their study, Yang et al (2001) 
concluded that routine laboratory tests are more accurate in venous blood, but if small variations 
in hematological parameters are acceptable, then capillary blood sampling can still be an 
alternative method in clinical settings. 
 Studies in special adult populations have yielded mixed results, as well. One such study 
looked at adult cancer patients (20-22 years old) and revealed strong positive correlations between 
capillary and venous blood sampling for the following values: total WBC count (r=0.99), total 
RBC count (r=0.96), HGB (r=0.94), HCT (r=0.94), LYM percentage (r=0.97), and NEUT (r=0.81) 
(Chavan et al., 2016). They concluded that capillary sampling is a reliable, cost-effective, and 
preferred method for cancer patients when analyzing hematological parameters. This study 
supports the need for alternative blood sampling methods for individuals who have inaccessible 
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veins, as cancer patients tend to have compromised vasculature due to chemotherapy and radiation 
therapy. A different study investigated 200 pregnant women and found that packed cell volume 
values were significantly lower in capillary blood and the prevalence of anemia diagnosed in 
pregnancy from capillary blood was 20% higher than venous blood, though not statistically 
significant (Dim et al., 2014). Their findings suggest that venous blood should be used when 
measuring packed cell volume in pregnant women. Schalk et al (2007) determined that across 428 
individuals (71% hematologic patients and 29% potential blood and apheresis donors) the values 
for WBC, RBC, HGB, HCT, mean corpuscular volume, and mean corpuscular hematocrit were all 
higher in capillary blood than venous blood, while platelets showed no differences between the 
two methods. These findings argue against using capillary blood sampling in place of venous 
sampling for this population (Schalk et al., 2007). 
 Children have also been extensively studied in the determination of the agreement between 
capillary and venous blood samples. One study that was done in 104 children showed that WBC 
(r=0.84), HCT (r=0.84), and HGB (r=0.88) all had strong correlations between capillary and 
venous blood sampling and Bland-Altman plots also revealed good agreement between the two 
sampling sites (Kim et al., 2009). However, an investigation looking at 141 neonates found that 
there were differences between the two sample sites with capillary blood resulting in higher HGB, 
HCT, RBC, WBC, and LYM counts. This study also revealed higher platelet counts in venous 
blood and a trend toward higher venous mean corpuscular volume and mean platelet volume 
(Kayiran et al., 2003). It is possible these differences could have been caused by the differences in 
sampling technique and the presence of interstitial fluid when sampling capillary blood (Podgorski 
et al., 2014). The age of the participants might have also produced fluctuations in measurement 
outcomes due to less adhesion of platelets to capillary blood because of higher blood flow at their 
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young age (Daae et al., 1991). Daae et al (1991) observed 16 hospitalized children between the 
ages of 3 months and 14 years and showed both strong agreement and large variance between the 
two sampling methods. In agreement between capillary and venous blood, RBC counts were not 
significantly different between the two sites. They also found that the relative frequency of LYM, 
granulocytes, and mononuclear cells were statistically similar between capillary and venous blood. 
Conversely, total LEUK count was 20% higher in capillary blood and erythrocyte, HCT, and HGB 
counts were 2% higher in capillary blood. These findings suggest that capillary sampling can be 
used for certain hematological values, but for others, venous blood is a more accurate method 
(Daae et al., 1991). Unfortunately, the reasons for the differences in some parameters, but not all, 
are still not well-understood and need to be examined further. 
Comparison of Capillary Blood and Venous Blood for Immunological Parameters 
 The immune system is comprised of many immunological parameters which include 
immune cells (lymphocytes, neutrophils, macrophages), proteins, and inflammatory mediators 
(cytokines, antibodies, complement proteins) (Calder, 2007). Total counts for parameters such as 
leukocytes, lymphocytes, neutrophils, and granulocytes can be easily measured in standard CBCs. 
Past the point of total counts and percentages, immunological parameters are measured via cellular 
assays to phenotype and/or analyze specific subsets of cells and their functions (Hanson et al., 
2019). Venous blood is commonly used for immunological assays that require whole blood or 
peripheral blood mononuclear cell isolation; however, studies are beginning to explore the use of 
capillary blood in immunological studies. 
 Healthy adults are the most commonly studied population when comparing venous and 
capillary blood sampling methods for immunological outcomes. Cracknell et al (1995) studied 10 
healthy adults, along with 22 children with acute leukemia, and found that there were strong 
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correlations for CD3+ CD16+ CD56+ cell concentrations (r=0.90), total WBCs (r=0.96-0.98), and 
all other LYM subsets (p<0.0001). The values for all LYM counts, except for CD3+ and CD8+ T-
cells, were slightly higher in capillary blood compared to venous blood, but the magnitude of the 
differences was deemed to be unlikely of clinical importance. This study supports the notion that 
capillary sampling is a good alternative to venous sampling in certain LYM populations (Cracknell 
et al., 1995). Another study evaluated 40 adults between the ages of 26 and 57 years and also 
concluded that capillary sampling and venous sampling are comparable methods for certain LYM 
concentrations (Srisala et al., 2019). They showed strong correlations for every cell type (r≥0.9) 
in the study between venous and capillary blood, which included T-cells, CD3+ T-cells, CD4+ T-
cells, CD8+ B-cells, CD19+ cells, CD56+ cells, gamma delta T-cells, and regulatory T-cells. There 
were slight differences in the percentages of CD3+, CD4+, and CD19+ cells between the two 
sampling methods, as these were all higher in venous blood and the percentage of CD56+ cells 
was slightly lower in venous blood compared to capillary blood. However, the magnitudes of these 
differences were all below 10% and therefore, not clinically significant. The investigators explain 
these differences as potentially resulting from squeezing the fingertip before puncture, which can 
cause lymphocytes to adhere to the capillary bed. They also used Bland-Altman plots to analyze 
their data and found good agreement between the two sampling methods (limit of agreement 
<20%). This study concluded that capillary sampling can be used in place of venous sampling for 
the measurement of CD3+, CD4+, and CD8+ cells, but more research is needed in relation to delta 
gamma T-cells, NK cells, B-cells, and regulatory T-cells (Srisala et al., 2019). 
 Canetti et al (2016) sampled 10 adults (mean age of 25.1 years) and found that the 
expression of granulocytic surface antigens was higher in capillary blood compared to venous 
blood and the percentage of NEUT phagocytosis was higher in venous blood, but there were no 
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differences between sampling methods for LEUK concentrations and NEUT reactive oxygen 
species production (all p>0.05). The authors hypothesized that these differences may be due to 
decreased velocity of leukocytes when traveling into capillary blood, which increases the 
interaction of neutrophil surface receptors, which can alter cellular function. These findings 
provide evidence that capillary sampling can be used for erythrocytes and subsets of leukocytes 
(LYM, monocytes, eosinophils, basophils, and NEUT) in place of venous sampling, however 
caution should be used when determining a blood sampling method for functional analysis of 
leukocytes. These researchers also support the idea that future research should analyze the effect 
that exercise has on these parameters due to changes in immune response following exercise 
(Canetti et al., 2016). Another study investigated the agreement between differential LEUK counts 
in venous and capillary blood in 36 adults (Hollis et al., 2012). Findings included high concordance 
between both sampling methods for total WBC count and a three part differential LEUK 
concentration analysis (LYM, granulocytes, monocytes) (all R2 = 0.98) and high concordance and 
strong correlation for absolute LEUK counts within normal clinical ranges. These results indicate 
that capillary sampling is an alternative for assessing leukocyte concentrations in the blood (Hollis 
et al., 2012). 
Comparison of Capillary Blood and Venous Blood in Response to Exercise 
 Moderate to vigorous exercise intensities are known to produce changes to both 
hematological profiles and immune cell concentrations in the blood (Jamurtas et al., 2018; Minuzzi 
et al., 2017; Brown et al., 2015; Hansen et al., 1991). Changes to these physiological measures 
have been extensively studied, but there are few studies that have compared these measures 
between venous blood and capillary blood both during and after exercise. Limited knowledge 
exists regarding the reliability and comparability of capillary blood sampling and venous blood 
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sampling as it relates to exercise training. Currently, there is no available literature that has 
compared basic hematological and immunological parameters after an acute bout of moderate 
intensity exercise. Most exercise and sport science research in this area has focused on blood 
lactate and glucose levels and other hormonal outcomes apart from CBCs and immune markers 
(Adnan et al., 2015; Edinburgh et al., 2017; El-Sayed et al., 1993; Flohr et al., 1996; Foxdal et al., 
1990). This leaves room for exploration of other physiological markers that are present in the blood 
and are influenced by exercise, such as hematological parameters (WBC, HGB, HCT, LYM, 
MXD, and NEUT) and immunological markers (sub-populations of leukocytes). 
 This section will review seven major studies that assessed venous and capillary blood 
values following exercise. One study measured creatine kinase from both capillary and venous 
blood (n=22; football players from Brazil) before and after a 90 minute simulated football match 
(de Oliveira et al., 2018). Results showed that there was a strong correlation (r=0.85) between the 
two samples for creatine kinase. However, the Bland-Altman plot revealed that creatine kinase 
values in capillary blood were overestimated by 61% with moderate variance and low bias. This 
study demonstrated the importance of using Bland-Altman analysis when comparing two methods 
to show their agreement and levels of bias. The findings from this study show that capillary blood 
sampling is not a reliable technique for assessing creatine kinase post-exercise due to the 
significant overestimation of these levels in capillary blood (de Oliveira et al., 2018). Cortisol 
levels measured in salivary, capillary and venous samples after a VO2max test on a treadmill in 
healthy, aerobically trained adults (n=11) demonstrated that capillary and venous blood cortisol 
levels increased at a similar rate (R2=0.80) (Fryer et al., 2014) and suggests that capillary sampling 
can accurately measure cortisol levels following exercise. Faulkner et al (2014) is one of the few 
studies that has analyzed immunological markers in capillary and venous blood following exercise. 
 17 
They determined that concentrations of IL-6 were not different between the two sampling methods 
at rest (4.1 ± 4.5 vs. 4.3 ± 5.4 pg ml-1), during (5.6 ± 6.3 vs. 5.4 ± 5.2 pg ml-1), or after (6.9 ± 6.7 
vs. 6.9 ± 6.4 pg ml-1) an acute moderate intensity exercise bout. Cullen et al (2015) also compared 
IL-6 concentrations between capillary and venous blood sampling following an acute bout of 
stationary cycling (n=10), however, they found that IL-6 concentrations from the two methods did 
not correlate at rest (r=0.59), but strongly correlated post-exercise (r=0.79). This concludes that 
capillary sampling may be a reliable alternative to venipuncture following an acute exercise bout, 
but not at rest. The results from Cullen et al (2015) differ slightly from the aforementioned study 
and these discrepancies may be due to possible sampling error, differences between sampling 
techniques in the two studies, or other unknown confounding variables. A different study (n=16) 
found a strong correlation (r=0.99) and Bland-Altman agreement between capillary and venous 
sampling for human growth hormone concentrations following continuous incremental cycling at 
submaximal and maximal effort (Godfrey et al., 2004). 
 As mentioned previously, the majority of studies that compare capillary and venous blood 
in the exercise and sports science field have investigated the concentrations of blood lactate and 
blood glucose following exercise. In 1996, 16 adults completed a graded exercise test on a cycle 
ergometer and then blood lactate and glucose were sampled from both venous and capillary blood 
(Flohr et al., 1996). They found that blood lactate concentrations were significantly higher in 
venous blood (p<0.05), but there were no significant differences between the two methods for 
blood glucose. This study suggests that capillary sampling may be used for blood glucose 
measurements following exercise, however, it should not be used for blood lactate measurements 
following exercise (Flohr et al., 1996). Another study in healthy adults (n=9) found strong 
correlations between blood lactate concentrations sampled from capillary and venous blood (all 
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r>0.86) following a treadmill exercise protocol, which led to the conclusion that capillary blood 
can be appropriately used in both laboratory and field settings (Williams et al., 1992). 
More research is needed regarding hematological and immunological parameters in 
exercise. To our knowledge, no literature exists that compares the concentrations of standard 
hematological parameters and subsets of leukocytes between capillary and venous blood following 
aerobic exercise. Most of the literature in this area has only looked at the comparison of capillary 
and venous blood at rest and more comparative work between the two sampling methods needs to 







CHAPTER III: METHODOLOGY 
 
Participants 
Twenty-two participants (eleven males and eleven females) between the ages of 18 and 35 
years old completed the study. All participants were recreationally active, as defined by the 
American College of Sports Medicine as exercising moderately for 30-60 minutes at least 5 days 
per week or vigorously for 20-60 minutes at least 3 days per week or a combination of the two. 
Exclusion criteria included: previously experiencing a severe case of COVID-19 that required 
hospitalization, any contraindications to maximal exercise testing, a current smoker or someone 
who had quit smoking within the previous six months, a body mass index >30, women who were 
pregnant or were planning to become pregnant while participating in the study, women who used 
a hormonal intrauterine device, and women who were currently breastfeeding, unless they had 
resumed a regular menstrual cycle. All participants signed an informed consent prior to 
participating in the study. 
Pre-Assessment Guidelines 
1. No vigorous exercise for at least 48 hours prior to testing for visits two and three. 
2. No alcohol consumption 24 hours prior to testing for visits two and three. 
3. No caffeine consumption 8 hours prior to testing for visit three. 
4. Participants were asked to be adequately hydrated for visits two and three. 
5. Participants were required to be at least 8 hours fasted from food prior to testing for visit 
three. 
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6. Participants were asked to wear appropriate clothing and shoes for all exercise testing (gym 
shorts/shirts/shoes). 
Study Design 
This research study was approved by the University of North Carolina at Chapel Hill’s 
institutional review board. The study consisted of three total visits located in the Exercise 
Oncology Research Lab (EORL) in Fetzer Hall at UNC-CH (Figure 1). 
Visit One: Participants reported to the EORL at UNC-CH. Participants were screened for 
participation using a full medical history questionnaire and a physical activity readiness 
questionnaire (PAR-Q). Informed consent was obtained from all participants. Participants’ height 
(cm) and weight (kg) were measured using a stadiometer and physicians scale (Health-o-Meter 
402KL, Rye, NY, USA), respectively. Resting blood pressure (mmHg) was measured using a 
research grade sphygmomanometer (American Diagnostics Corporation, Hauppage, NY, USA) 
and stethoscope (Littman 3M, St. Paul, MN, USA) and resting heart rate (bpm) was measured 
manually using the participant’s radial pulse. Participants then underwent a resting 
electrocardiogram (ECG) (GE CASE Cardiosoft V. 6.6 ECG Diagnostic System; General Electric, 
Palatine, IL, USA) and completed a familiarization protocol on a stationary cycle ergometer 
(Velotron Cycle Ergometer; SRAM, Chicago, IL, USA). 
Visit Two: Participants reported back to the EORL between one to seven days following 
visit one. Participants were asked to provide a urine sample at the beginning of the visit to assess 
and control for hydration status. Pregnancy tests were performed on female participants’ urine 
samples to ensure non-pregnancy prior to the dual-energy x-ray absorptiometry (DXA) scan. As 
described in visit one, participants’ height, weight, and general vital signs (heart rate and blood 
pressure) were measured and recorded and participants were asked to report their adherence to pre-
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assessment guidelines. Participants underwent a body composition assessment via DXA scan 
(Hologic Inc., Bedford, MA, USA; Apex Software Version 3.3) and then completed a graded 
exercise test (GXT) to assess maximal oxygen uptake (VO2max) and ventilatory threshold (VT). 
Visit Three: Participants reported back to the lab between two and seven days after visit 
two. Participants were asked to provide a urine sample at the beginning of the visit to assess and 
control for hydration status via specific urine gravity, as described previously in visit two. 
Participants were then asked to report their adherence to pre-assessment guidelines and their 
height, weight, and general vital signs (heart rate and blood pressure) were measured and recorded. 
Participants had a peripheral indwelling venous catheter inserted into their arm where blood was 
drawn. Both resting (baseline) venous and capillary blood samples were taken from the same arm, 
which was followed by a 40 minute moderate intensity exercise trial at 94% of VT. Venous and 
capillary blood samples were then collected immediately post-exercise (0-POST) and 30 minutes 
post-exercise (30-POST) from the same arm. 
The third blood draw in this study occurred at 30 minutes post-exercise in order to account 
for evidence of a decrease in lymphocytes occurring between three minutes and one hour post-
exercise. Rooney et al (2018) found that lymphocytes and monocyte concentrations increase 
during an acute bout of exercise, but egress out of peripheral blood within one to ten minutes post-
exercise. Lymphocytes have consistently been shown to egress from peripheral blood within one 
hour post-cessation of a moderate to intense exercise bout (Peake et al., 2017). This response will 
allow for potential exploratory studies to look at specific immune cell populations following acute 
exercise performed at 90-98% VT. 
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Figure 1. Overall study design for the 3 visits required for participation. 
Visit 1: Electrocardiogram Assessment 
Participants underwent a 12-lead resting electrocardiogram (ECG) to screen for potential 
cardiac contraindications to maximal exercise testing. The blinded ECG and medical history 
questionnaire were sent to the study physician (Dr. Brian Jensen, Department of Cardiology, UNC-
CH) for approval prior to completing visits 2 and 3. 
Visit 1: Familiarization Protocol 
Participants were familiarized with the electro-magnetically braked cycle ergometer and a 
respiratory mask. The cycle ergometer was adjusted to a height that ensured proper cycling 
mechanics for each participant, which is defined by a slight bend in the knee when the opposite 
leg is in full extension on the pedal. A member of the research team measured and recorded the 
distance, in centimeters, from the knob underneath the bike seat to the middle of the pedal when 
the leg was fully extended. Participants were fitted with a respiratory mask and a heart rate monitor 
(Polar FT1, Polar USA, Port Washington, NY, USA) to record heart rate telemetry. Participants 
began the familiarization protocol with a two minute warm-up on the cycle ergometer at 25 watts 
(W), followed by a two minute loaded warm-up stage at 50W. Following the completion of the 
warm-up, resistance was progressively increased until participants reached 70% of their heart rate 
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reserve (HRR), as calculated by the Karvonen formula (Karvonen et al., 1957). After the 50W 
stage, male participants increased their resistance by 50W every two minutes. If they reached 
250W and had not yet met the 70% HRR cutoff, resistance was increased by 25W per minute until 
this was achieved. For female participants, smaller increases (30W) were used for each two minute 
stage. After reaching 170W, the resistance increased by 15W per minute until they reached 70% 
HRR. This protocol was designed so that participants experienced 3-4 submaximal stages of the 
protocol. 
Visit 2: Specific Urine Gravity 
Specific urine gravity was measured using a refractometer. Participants with specific urine 
gravity values ≤1.01 were adequately hydrated and proceeded with the visit(s). Hydration status 
has been shown to affect performance on graded exercise tests, as well as significantly affect CBC 
values in which dehydration leads to higher levels of red blood cells, leukocyte, and neutrophil 
concentrations in the blood (Nose et al., 1983; Holsworth et al., 2013; Penkman et al., 2008). 
Female participants underwent a urine pregnancy test prior to completing body composition 
assessments. 
Visit 2: Body Composition Assessment 
 Body composition was measured using DXA. Participants were asked to remove all metal 
and jewelry prior to the scan. They were placed in a supine position in the center of the DXA. A 
full body scan measured and recorded total body weight-mass (BW), fat mass (FM), free-fat mass 
(FFM), bone mineral content (BMC), and percent body fat (% BF). 
Visit 2: Graded Exercise Test (GXT) 
Participants were fitted with a heart rate monitor and a respiratory mask. Heart rate and 
rating of perceived exertion (RPE) (Borg 6-20 RPE Scale, Borg, 1970) were logged on a data 
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collection sheet 30 seconds before the end of each stage of the exercise testing protocol. 
Participants sat quietly on the cycle ergometer for two to three minutes while resting metabolic 
data was collected. Respiratory gases were collected and measured using the Parvo Medics 
TrueOne 2400 metabolic cart (Parvo Medics, Sandy, UT, USA) and measured continuously 
throughout the GXT. The GXT began with a two minute warm-up stage at 25W and a subsequent 
two minute warm-up at 50W on the cycle ergometer in which participants were instructed to 
maintain a cadence between 60 and 100 revolutions per minute (RPM). Following the warm-up, 
the test protocol for the GXT matched the protocol used in the familiarization session (as described 
in the previous Familiarization Protocol section), however, the criteria to terminate the test was 
different. Test termination criteria included any of the following: 
a. Participant reached volitional fatigue 
b. Participant signaled to stop the test at any time point 
c. An abnormal participant response to the test 
d. Participant’s VO2 value plateaued or decreased despite an increase in exercise 
intensity 
Upon termination of the test, the participant was assisted by the research team and moved 
from the cycle ergometer to a chair and was instructed to prop their feet on another chair. Three 
minutes after the completion of the GXT, blood lactate was measured (mmol) using a Lactate Plus 
Analyzer (Nova Biomedical, Waltham, MA, USA). The participant had their preferred fingertip 
cleaned with two alcohol wipes, dried, and pricked with a 1.8 mm lancet on the medial or lateral 
side of the fingertip (Unistik 3; Owen Mumford Ltd., Brook Hill, Woodstock Oxfordshire, UK). 
The first drop of blood was wiped away with gauze and the second drop of blood was drawn onto 
a test strip and inserted into the lactate analyzer. Gauze and pressure were placed on the puncture 
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site for 1 minute and then a Band-Aid was placed around the fingertip. Following blood lactate 
measurement, participants were monitored until their blood pressure was within 10 mmHg of their 
resting value and heart rate was within 30 bpm of their resting value. 
In order to determine that the participant reached maximal effort during the test (VO2max), 
three of five test criteria needed to be met: 
a. Blood lactate was greater than or equal to 8.0 mmol 
b. Maximum heart rate was within 10 bpm of age-predicted maximum heart rate (220-
age) 
c. Plateau or decrease in oxygen uptake despite an increase in exercise intensity 
d. Respiratory exchange ratio (RER) was greater than or equal to 1.15 
e. RPE was greater than or equal to 18 
If less than three of the five criteria are met, the test was considered a VO2peak test as defined 
by the American College of Sports Medicine. Ventilatory threshold (VT) was determined using 
the ventilatory equivalent method (Gaskill et al. 2001) in which the output from the Parvo Medics 
program was adjusted to plot the ventilatory equivalent of oxygen (VE/VO2) and the ventilatory 
equivalent of carbon dioxide (VE/VCO2) vs. time. VT was the point at which VE/VO2 increased 
while VE/VCO2 decreased or did not change. 
Visit 3: 24 Hour Food Log 
Participants were asked to track their dietary intake for 24 hours prior to visit three. 
Participants were asked to report food eaten, as well as method of preparation and serving size, so 




Visit 3: Blood Sampling 
Both venous and capillary blood sampling were performed based on the World Health 
Organization’s guidelines for best practices in phlebotomy (WHO, 2010). 
Venous Sampling: Phlebotomy-trained personnel used appropriate and sterile techniques 
to insert a peripheral indwelling venous catheter (IV cannula) (BD Bioscience, Franklin Lanes, 
NJ, USA) into one of the participant’s antecubital veins of their preferred arm and secured it with 
a transparent dressing (TegadermTM, BD Bioscience, Franklin Lanes, NJ, USA). A total of 
approximately 12 mL of venous blood was drawn into three separate blood collection tubes 
containing ethylenediaminetetraacetic acid (EDTA) (BD Bioscience, Franklin Lanes, NJ, USA) 
throughout the whole visit. The blood collection tubes were inverted three times following each 
blood draw and immediately analyzed using an automated hematology analyzer (XP-300, Sysmex 
Corporation, Kobe, Japan) to determine a CBC, after which it was placed on ice for the duration 
of the visit. Blood was drawn through the IV catheter via 5 mL syringe at baseline (BASE), 
immediately post-exercise (0-POST), and thirty minutes post-exercise (30-POST). Sterile saline 
was flushed through the catheter after each blood draw to ensure that clotting did not occur in the 
line. Following the third and final blood draw, the catheter was removed, and pressure was directly 
applied to the puncture site for 1 minute before a piece of gauze and medical tape was placed on 
the puncture site. Our laboratory routinely performs IV cannulation on both healthy and clinical 
populations for repeat blood sampling with exercise, which supported the use of this phlebotomy 
technique for this study (Hanson et al., 2017; Hanson et al., 2018; Hanson et al., 2019; Hanson et 
al., 2020). 
 Capillary Sampling: Capillary blood was collected at the same three timepoints as venous 
blood samples (BASE, 0-POST, and 30-POST). At baseline, a member of the research team 
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cleaned the participant’s ring fingertip, on the same arm as the IV, with two alcohol wipes and 
allowed it to dry. At 0-POST, the middle fingertip, on the same arm as the IV, was cleaned with 
two alcohol wipes and allowed to dry. At 30-POST, the ring, middle, or index fingertip, on the 
same arm as the IV, was cleaned with two alcohol wipes and allowed to dry. The participant was 
instructed to hold their arm straight down at their side and pressure was applied to the center of 
the participant’s finger as the lancet was inserted into the side of the fingertip. The research team 
member repeatedly applied gentle pressure and a downward pulling motion on the finger to draw 
blood from the puncture site. Drops of blood were drawn into a capillary blood collection tube by 
touching the tip of the collection tube’s straw to the drop of blood without touching the finger. 
This continued until the blood collection tube was full (200 µL) or until the participants’ blood 
began to clot. If the participant clotted before adequate sample volume was achieved at any 
timepoint, the research team member repeated the above steps for a second puncture on the 
opposite side of the respective fingertip until proper sample volume was collected. Following 
blood collection, gauze and pressure were placed on the puncture site for 1 minute and then a 
Band-Aid was placed around the fingertip. 
Visit 3: Moderate Intensity Exercise Protocol 
 Participants were fitted with a heart rate monitor and a respiratory mask that was connected 
to the Parvo Medics TrueOne 2400 metabolic cart. The following protocol has been successfully 
used to elicit biphasic lymphocyte responses in healthy, recreationally active young men (Hanson 
et al., 2019). The cycle ergometer was adjusted to the individual participant’s pre-determined seat 
height as determined in visit one. Participants began a 40 minute continuous exercise bout at 90-
98% VT on the cycle ergometer and were allowed to drink water ad libitum immediately following 
the exercise protocol. 
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Heart rate and RPE were measured and recorded every 5-6 minutes throughout the exercise 
trial. With the mask on, participants began a two minute warm-up stage at 25W and then moved 
into another two minute warm-up stage at 50W. Following the warm-up stages, the resistance was 
increased to the wattage at which 90% VT occurred (R90) (determined from the GXT) – if this 
resistance was set to be above 150W, the participant was allowed another progressive warm-up of 
one to four minutes before increasing to appropriate 90% VT workload. This was done to ensure 
that the increase in resistance was less than or equal to 100W between the warm-up and subsequent 
stage. The participant cycled at this workload until 90% VT was reached for two separate 
timepoints on the metabolic cart with a five-second average calculation. Once this was reached, 
the participant cycled for 40 minutes while oxygen uptake and pulmonary ventilation was closely 
monitored to ensure the participant stayed within 90-98% VT. Resistance was adjusted to keep the 
participant within 5% of desired VT throughout the protocol (Figure 2). Participants were 
instructed to place gloves on their hands for the last 10 minutes of the exercise trial to ensure 
adequate heating of the hands prior to capillary blood collection. When the participant reached the 
end of the exercise protocol, they were instructed to stop pedaling and stay seated on the cycle 
ergometer while venous and capillary blood sampling took place at 0-POST (as described in the 
previous section). 
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Blood Analysis and Storage 
 Venous CBCs were analyzed in duplicate and capillary CBCs were analyzed in singular, 
unless there was sufficient blood volume in which they were analyzed in duplicate, using a 
Sysmex Hematology Analyzer immediately following each individual blood draw at baseline, 0-
POST, and 30-POST (Hanson et al., 2017; Hanson et al., 2019; Hanson et al., 2020). In the 
instance that the blood sample could not be analyzed immediately following a blood draw, the 
blood sample was placed on ice and then brought to room temperature prior to CBC analysis. 
CBC measurements are stable for up to 12-24 hours following blood sampling when stored at 
~4°C, which allowed the research team additional time to perform the analysis when necessary 
(Cornet et al., 2012; Gunawardena et al., 2017; Joshi et al., 2015; Wu et al., 2017). 
In the instance that there was sufficient blood sample volume from participants, plasma 
was isolated from venous whole blood and frozen at -80°C for potential future analysis of 
specific immune cells. PBMCs were isolated via Sepmate tubes and stored in cryopreservation 
medium (90% fetal bovine serum, 10% dimethyl sulfoxide) and immediately placed in a -80°C 
freezer that allowed for a cooling rate of 1 degree/min for up to 24 hours. Cryopreservation tubes 
were transferred to the vapor phase of liquid nitrogen (-196°C) and stored for the duration of the 
study. 
Sample Size Estimate 
The sample size estimate was created using G-power (version 3.1.9.4) and is a commonly 
known program in the research field to accurately power sample sizes (Faul et al., 2007). Sample 
size estimates were based on the primary outcome, lymphocyte concentrations. To detect the 
interaction in the 2 (site) x 3 (time) ANOVA with 80% power and an alpha of 0.05, a sample size 
of n=22 was required using a small (0.25) Cohen’s d effect size. The correlation among 
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lymphocyte measures was set at 0.637 based off of the mobilization of lymphocyte counts 
following an acute exercise bout (using an identical exercise protocol to the current study) in 
healthy young men (Hanson et al., 2019) and the non-sphericity correlation was 1.0 (default).  
While the effects of acute exercise on the similarity of venous and capillary sampling 
have not been investigated, previous studies have reported that resting CBC measures are similar 
between capillary and venous blood samples (Hütler et al., 2000; Nunes et al., 2006; Podgorski 
et al., 2014). As detailed in Chapter II, current literature provides evidence of an average 
correlation coefficient of at least r>0.50 for the variables of interest in this research study 
(Chavan et al., 2016; Hütler et al., 2000; Kim et al., 2009; Nunes et al., 2006; Podgorski et al., 
2014; Rao et al., 2011). Considering these data, we also performed a power calculation based on 
our correlational statistical analysis to be able to detect a two-tailed correlation in lymphocyte 
concentrations with an r of 0.5 (large correlation effect size) in G-power (version 3.1.9.4) with 
the power set at 0.80 and maximum chances of a type I error set at 5% (very unlikely). This 
power calculation calculated a sample size of n=29 for this study.  
Based on the two power calculations described above, we have split the difference 
between the two analyses and determined that n=26 would be used for the current study. This 
sample size estimate provides 80% power to detect up to small effect sizes in our ANOVA 
analysis while oversampling slightly to account for dropouts. Males and females were recruited 
in a 1:1 ratio. 
Statistical Analysis  
All data were entered into an electronic database and analyzed via descriptive statistics 
and presented in the form of mean (standard deviation (SD)). Confidence intervals were also 
reported. Analyses were completed using SPSS (IBM SPSS for Windows; Version 27.0; 
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Chicago, IL). An alpha level of 0.05 was used for hypothesis tests. Reasons for missing data 
value points were documented. 
For hypotheses 1a and 2a, data was analyzed using 2 (site) x 3 (time) repeated measures 
ANOVAs for differences and interactions between sampling method and sampling timepoint. 
Differences between capillary and venous sampling were assessed for each CBC outcome at 
each timepoint. Mauchly’s test of sphericity was used to check and correct for sphericity for all 
ANOVA analyses. For any significant main effects of time, Bonferroni post-hoc analyses were 
performed to determine specific differences for the primary and secondary objectives. 
For hypotheses 1b and 2b, Pearson correlation coefficients were calculated for each 
individual CBC outcome at all three timepoints. The correlation coefficient for each outcome at 
each timepoint was used to assess whether a relationship exists between capillary and venous 
blood sampling for that particular outcome. Bland-Altman plots assessed the agreement of the 
two sampling methods for each outcome by plotting the difference between the two sampling 
methods against the mean of the two sampling methods. The scatter plots quantified a bias 
between the mean differences and estimated an agreement range within which 95% of the 
differences of the second method compared to the first method fall. 
For hypothesis 3a, data were analyzed using a 3-way mixed-design ANOVA for each 
CBC outcome on 2 (sex) x 2 (site) x 3 (time). In the event of a significant interaction effect 
occurring between biological sex, sampling method, and/or sampling timepoint, simple effects 
were used to determine where the difference(s) exist. The main effects of biological sex, 
sampling method, and sampling timepoint were examined in the absence of an interaction using 
Bonferroni post-hoc analyses. For hypothesis 3b, a Pearson correlation coefficient was calculated 







CHAPTER IV: RESULTS 
 
Participants 
Twenty-two participants, eleven males and eleven females, with moderate aerobic fitness 
levels completed the study (Table 1). 
Table 1. Participant Characteristics  
 Total (n=22) Males (n=11) Females (n=11) p-value 
Age (years) 24 (4) 23 (3) 24 (5) 0.513 
Height (cm) 169.9 (7.4) 174.9 (6.5) 164.9 (3.9) <0.001 
Weight (kg) 73.3 (11.3) 80.8 (8.7) 65.7 (8.1) <0.001 
Lean Mass (kg) 50.6 (9.8) 58.8 (6.0) 42.4 (4.3) <0.001 
Body Fat (%) 28.0 (8.9) 23.0 (7.1) 32.9 (7.9) 0.006 
VO2max (L/min) 3.0 (0.9) 3.6 (0.8) 2.4 (0.4) 0.001 
VO2max (ml/kg/min) 40.5 (9.9) 44.1 (11.6) 36.9 (6.5) 0.089 
VO2max (ml/kg lbm/min) 58.7 (9.9) 60.5 (12.2) 57.0 (7.2) 0.423 
VT (L/min) 2.4 (0.8) 3.0 (0.9) 1.9 (0.4) 0.001 
Data are mean (SD). 




In visit 2, participants completed a maximal CPET on the stationary cycle ergometer in 
which 19 tests met the criteria of a true VO2max test and 3 were considered VO2peaks. The acute bout 
of exercise was completed by all participants, based on their CPET performance, for an average 
total exercise time of 45 (1) minutes (Table 2). 
Table 2. Participant Performance During 40 Minute Acute Exercise Bout  
 Total (n=22) Males (n=11) Females (n=11) p-value 
Working % of VT 93.8 (36.5) 110.0 (43.9) 76.8 (17.7) 0.039 
Working % of VO2max 74.5 (24.2) 87.7 (24.1) 60.5 (17.1) 0.008 
Highest HR (bpm) 168 (14) 168 (14) 168 (15) 0.953 
% of Max HR (bpm) 85.6 (7.3) 85.3 (7.4) 86.0 (7.5) 0.841 
Highest RPE 16 (1) 16 (1) 16 (2) 0.876 
Power Output (W) 138 (39) 159 (40) 117 (25) 0.009 
Data are mean (SD). 
Abbreviations: VT (ventilatory threshold), VO2max (maximal oxygen uptake), HR (heart 




Differences in Sampling Site for Lymphocyte Counts Following Acute Exercise 
Although it did not reach significance (F1,34=3.8, p=0.055), the LYM count interaction of 
sampling site x time showed a tendency to be greater in venous blood than capillary blood at 0-
POST (Figure 3A). There was a trend toward significance where LYM counts from venous blood 
were 5% higher than capillary blood (SMD=0.1, 95% CI [-0.001 – 0.2], p=0.052). There was a 
main effect of time, as lymphocyte counts increased by 52% from baseline to 0-POST (SMD=1.0, 
95% CI [0.7 – 1.3], p<0.001) and decreased by 49% from 0-POST to 30-POST (SMD=-1.4, 95% 
CI [-1.7 – -1.0], p<0.001, Figure 3A). 
Differences in Sampling Site for Complete Blood Count Parameters Following Acute 
Exercise 
 
There were no interaction effects of sampling site x time for WBC (F2,34=2.4, p=0.107), 
MXD (F2,32=0.5, p=0.598), NEUT (F1,32=2.1, p=0.163), and HCT (F2,26=1.2, p=0.331). There was 
no site x time effect for HGB (F1,34=3.9, p=0.055), however, this trended toward capillary HGB 
being decreased by 12% and venous HGB decreased by 5% from 0-POST to 30-POST. 
For WBC counts, there was a main effect of site (SMD=0.35, 95% CI [0.1 – 0.6], p=0.013) 
where venous WBC counts were 6% higher than capillary samples. There was also a main effect 
of time (p<0.001) in which acute aerobic exercise increased white blood cell counts by 51% 
(SMD=2.4, 95% CI [1.6 – 3.2], p<0.001) from baseline to 0-POST and decreased by 17% from 0-
POST to 30-POST (SMD=-1.2, 95% CI [-2.5 – 0.1], p=0.082, non-significant, Figure 3B). 
For MXD counts, there was no main effect of site (p=0.629) and only a main effect of time 
(p<0.001) where counts increased by 27% from baseline to 0-POST (SMD=0.1, 95% CI [0.04 – 
0.2], p=0.006) and decreased by 23% from 0-POST to 30-POST (SMD=-0.1, 95% CI [-0.2 – -
0.05], p=0.003, Figure 3C). 
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For NEUT counts, there was no main effect of site, but it trended toward significance in 
which venous NEUT counts were 7% higher than capillary samples (SMD=0.2, 95% CI [-0.01 – 
0.5], p=0.056). There was a main effect of time (p<0.001) where neutrophil counts increased by 
67% from baseline to 0-POST (SMD=1.6, 95% CI [0.8 – 2.5], p<0.001) and continued to increase 
by 2% from 0-POST to 30-POST (SMD=0.1, 95% CI [-1.2 – 1.4], p=1.0, non-significant, Figure 
3D). 
 
Figure 3. Immune cell responses to acute aerobic exercise determined using venous and capillary 
sampling at BASE (baseline), 0-POST (immediately post-exercise), and 30-POST (30 minutes 
post-exercise) for A) lymphocytes (LYM) (n=18); B) white blood cells (WBC) (n=18); C) mixed 
cells (MXD) (n=17); and D) neutrophils (NEUT) (n=17) counts. Data are expressed as mean (SD). 
* p<0.05 vs. BASE; # p<0.05 vs. 0-POST; ‡ p<0.01 vs. venous. 
For HGB concentration, there was a main effect of site (SMD=0.4, 95% CI [0.04 – 0.8], 
p=0.033) in which venous HGB was 3% higher than capillary HGB. There was also a main 
effect of time (p=0.011), where HGB increased by 7% from BASE to 0-POST (SMD=1.0, 95% 
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CI [0.6 – 1.3], p<0.001) and decreased by 8% from 0-POST to 30-POST (SMD=-1.2, 95% CI [-
2.0 – -0.5], p=0.001, Figure 4A).   
For HCT concentration, there was a main effect of site (SMD=2.3, 95% CI [0.8 – 3.8], 
p=0.005) where venous HCT was 6% higher than capillary samples. There was also a main 
effect of time (p=0.002), where HCT increased by 8% from BASE to 0-POST (SMD=3.0, 95% 
CI [0.7 – 5.3], p=0.01) and decreased by 7% from 0-POST to 30-POST (SMD=-3.1, 95% CI [-
5.8 – -0.4], p=0.023, Figure 4B). 
 
Figure 4. A) Hemoglobin (HGB) (n=18) and B) hematocrit (HCT) (n=14) concentrations in 
response to acute aerobic exercise determined using venous and capillary sampling at BASE 
(baseline), 0-POST (immediately post-exercise), and 30-POST (30 minutes post-exercise). Data 
are expressed as mean (SD). * p<0.05 vs. BASE; # p<0.05 vs. 0-POST; † p<0.05 vs. venous;  
‡ p<0.01 vs. venous. 
Relationships and Levels of Agreement Between Venous and Capillary Blood 
 Table 3 reports the Pearson correlation coefficients (r) of WBC, LYM, MXD, NEUT, 
HGB, and HCT at baseline, 0-POST, and 30-POST. 
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Table 3. Pearson Correlation Coefficients for Hematological Outcomes Between 
Venous and Capillary Blood Samples Before and After Acute Exercise. 





































Abbreviations: BASE (baseline), 0-POST (immediately post-exercise), 30-POST (30 minutes post-
exercise), LYM (lymphocytes), WBC (white blood cells), MXD (mixed cells), NEUT (neutrophils), 
HGB (hemoglobin), HCT (hematocrit). 
* p<0.05; ** p<0.01 
 
LYM counts between venous and capillary blood were strongly correlated and showed 
good agreement with the lowest level of bias (-0.04) and narrow limits of agreement (LOA) (-0.6 
to 0.5) at BASE (Figure 5A). LYM counts were also strongly correlated following exercise, but 
demonstrated slightly larger bias (-0.22) and moderate LOA (-1.2 to 0.8) at 0-POST (Figure 5B) 
and low bias (-0.10) and low LOA (-0.5 to 0. 4) at 30-POST (Figure 5C). 
WBC counts between venous and capillary blood were strongly correlated and showed 
good agreement with the lowest level of bias (0.05) and narrow LOA (-1.2 to 1.3) at baseline 
(Figure 5D). WBCs were strongly correlated following exercise, however, Bland-Altman analysis 
showed larger bias (-0.33) and large LOA (-2.5 to 1.1) at 0-POST (Figure 5E) and moderate bias 




Figure 5. Bland-Altman plots of the difference between venous and capillary blood samples for 
lymphocytes (LYM) at A) baseline (BASE), B) immediately post-exercise and  (0-POST), C) 30 
minutes post-exercise (30-POST); and white blood cells (WBC) at D) BASE, E) 0-POST, and F) 
30-POST. Bias is represented by a solid line. Upper and lower limits of agreement (bias ± 1.96 
SD) are represented by dashed lines. 
 MXD counts were strongly correlated at baseline and showed low bias (-0.01) and 
moderate LOA (-0.2 to 0.2, Figure 6A). Following exercise, MXD counts were moderately 
correlated and showed moderate bias (0.05) and large LOA (-0.4 to 0.5) at 0-POST (Figure 6B) 
and low bias (0) and large LOA (-0.4 to 0.4) at 30-POST (Figure 6C). 
 NEUT counts were strongly correlated at all 3 timepoints with low bias (0.10) and narrow 
LOA (-0.6 to 0.8) at BASE (Figure 6D); low bias (-0.16) and moderate LOA (-1.5 to 1.2) at 0-





Figure 6. Bland-Altman plots of the difference between venous and capillary blood samples for 
mixed cells (MXD) at A) baseline (BASE), B) immediately post-exercise (0-POST), C) 30 minutes 
post-exercise (30-POST); and neutrophils (NEUT) at D) BASE, E) 0-POST, and F) 30-POST. 
Bias is represented by a solid line. Upper and lower limits of agreement (bias ± 1.96 SD) are 
represented by dashed lines. 
HGB concentration was strongly correlated at baseline and after exercise and showed low 
bias (0.16) and narrow LOA (-0.9 to 1.2) at BASE (Figure 7A) and low bias (-0.21) and narrow 
LOA (-1.9 to 1.4) at 0-POST (Figure 7B). At 30-POST, HGB was moderately correlated and 
showed moderate bias (-0.90) and large LOA (-5.2 to 3.4) (Figure 7C). 
HCT concentration was strongly correlated with low bias (-1.25) and moderate LOA (-7.4 
to 4.9) at baseline (Figure 7D). Following exercise, HCT was moderately correlated and showed 
moderate bias (-3.1) and large LOA (-15.6 to 9.4) at 0-POST (Figure 7E) and was not correlated 










(HGB) at A) 
baseline (BASE), 
B) immediately post-exercise (0-POST), C) 30 minutes post-exercise (30-POST); and hematocrit 
(HCT) at D) BASE, E) 0-POST, and F) 30-POST. Bias is represented by a solid line. Upper and 
lower limits of agreement (bias ± 1.96 SD) are represented by dashed lines. 
Sex Differences Between Venous and Capillary Blood Sampling 
The effects of sex, sampling site, and time are reported in Table 4. The 3-way interaction 
effect of sex (males vs. females) x sampling site (venous vs. capillary blood) x time (BASE, 0-
POST, and 30-POST) trended toward significance for LYM (n=18, F2,32=3.2, p=0.056) in which 
males exhibited slightly higher LYM counts than females for both venous and capillary samples 
at all three timepoints. There were no 3-way interactions for WBC (n=18, F2,32=2.0, p=0.146), 
MXD (n=17, F2,30=0.5, p=0.613), NEUT (n=17, F2,30=1.6, p=0.218), HGB (n= 18, F2,32=0.3, 
p=0.756), and HCT (n=14, F2,24=0.8, p=0.449).  
Looking at the 2-way interactions, the effects of site x time and main effects of site and 
time were reported previously in this chapter. There were no sex x time interactions for any 
outcome, but sex x site was significant for HCT. Male venous HCT was 10% higher than female 
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venous HCT (44.0±0.6, 95% CI [42.8 – 45.2] vs. 39.8±0.6, 95% CI [38.6 – 41.0]) and male 
capillary HCT was 19% higher than female capillary samples (43.3±1.0, 95% CI [41.1 – 45.4] vs. 
35.9±1.0, 95% CI [33.7 – 38.1]). There was also a trend toward significance for the interaction of 
sex x site in NEUT counts where male venous NEUT counts were 0.4% higher than female venous 
NEUT (3.7±0.4, 95% CI [2.8 – 4.6] vs. 3.7±0.4, 95% CI [2.7 – 4.6]) and male capillary NEUT 
counts were 14% higher than female capillary samples (3.7±0.3, 95% CI [2.9 – 4.4] vs. 3.2±0.4, 
95% CI [2.4 – 4.0]). 
Table 4. Effects of Sex, Sampling Site, and Time on Hematological Outcomes 















BASE 0-POST 30-POST BASE 0-POST 30-POST 
LYM-M 2.1 (0.4) 3.2 (0.7) 1.7 (0.3) 2.0 (0.3) 3.0 (0.8) 1.5 (0.4) 
0.056 0.875 0.413 0.155 
LYM-F 1.8 (0.5) 2.9 (0.5) 1.4 (0.3) 1.9 (0.5) 2.5 (0.4) 1.4 (0.2) 
WBC-M 5.2 (0.8) 7.7 (1.3) 6.3 (1.9) 5.1 (0.7) 7.5 (1.4) 6.0 (2.3) 
0.146 0.176 0.728 0.070 
WBC-F 4.1 (0.6) 7.0 (1.2) 5.9 (2.0) 4.1 (0.5) 5.9 (1.3) 5.3 (2.5) 
MXD-M 0.5 (0.2) 0.6 (0.2) 0.5 (0.2) 0.4 (0.2) 0.6 (0.2) 0.4 (0.2) 
0.613 0.432 0.477 0.673 
MXD-F 0.5 (0.2) 0.6 (0.2) 0.5 (0.2) 0.5 (0.2) 0.7 (0.3) 0.5 (0.3) 
NEUT-M 2.7 (0.6) 4.0 (1.0) 4.4 (1.5) 2.7 (0.6) 4.0 (1.0) 4.2 (1.8) 
0.218 0.055 0.687 0.666 
NEUT-F 2.0 (0.7) 4.5 (2.5) 4.6 (2.5) 2.2 (1.1) 3.8 (2.3) 3.5 (2.1) 
HGB-M 14.5 (0.7) 15.6 (0.8) 14.8 (1.0) 14.5 (1.0) 15.5 (1.2) 13.9 (2.4) 
0.756 0.554 0.944 <0.001 
HGB-F 12.6 (0.4) 13.7 (0.4) 13.1 (0.6) 12.8 (0.5) 13.4 (1.1) 11.6 (2.4) 
HCT-M 42.5 (1.6) 46.1 (2.0) 43.3 (2.2) 42.3 (2.5) 45.0 (2.1) 42.5 (2.6) 
0.449 0.013 0.776 <0.001 
HCT-F 38.0 (0.9) 41.5 (1.3) 39.8 (1.6) 36.3 (4.1) 38.4 (6.2) 33.0 (7.7) 
Data are mean (SD). P-values are reported for sex, site, and time effects. 
Abbreviations: BASE (Baseline); 0-POST (Immediately Post-Exercise); 30-POST (30 Minutes Post-Exercise); -M (Males); -F 
(Females); LYM (Lymphocytes); WBC (White Blood Cells); MXD (Mixed Cells); NEUT (Neutrophils); HGB (Hemoglobin); 
HCT (Hematocrit). 
Units: LYM, WBC, MXD, NEUT (x103/µL); HGB (g/dL); HCT (%). 
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There was a main effect of sex for HGB (SMD=1.9, 95% CI [1.1 – 2.8], p<0.001), which 
was 14% higher in males than females. 
Pearson correlation coefficients were also calculated for all outcomes at each timepoint 
(BASE, 0-POST, and 30-POST) that compare males and females (Table 5). Males and females 
demonstrated similar relationships between venous and capillary sampling at all 3 timepoints, 
except for HCT at baseline, LYM and HGB at 0-POST, and MXD and HCT at 30-POST in which 
males had stronger correlation coefficients than females. 
Table 5. Pearson Correlation Coefficients for Hematological Outcomes (Males vs. Females) 
Between Venous and Capillary Blood Samples Before and After Acute Exercise 
 BASE 0-POST 30-POST 









































































Abbreviations: BASE (baseline), 0-POST (immediately post-exercise), 30-POST (30 minutes post-exercise), 
LYM (lymphocytes), WBC (white blood cells), MXD (mixed cells), NEUT (neutrophils), HGB (hemoglobin), 
HCT (hematocrit). 








CHAPTER V: DISCUSSION 
 
Blood sampling to examine hematological parameters before and after exercise is 
commonly used; however, venipuncture presents a variety of challenges, including the potential 
for inaccessible veins and/or repeated sampling before, during and/or after exercise. Alternatively, 
capillary blood is often used in clinical point of care testing (i.e. blood glucose), but to our 
knowledge, this study is the first to examine the agreement of CBC measurements between venous 
and capillary blood following an acute bout of aerobic exercise. Interestingly, a trend toward higher 
lymphocyte counts in venous blood compared to capillary blood was found immediately following 
exercise, however, this did not reach statistical significance. Although there was a slight difference 
in LYM accuracy, our results also showed strong correlations and high levels of agreement of 
venous and capillary blood in the Bland-Altman plots before, immediately after, and 30 minutes 
after exercise. Similarly, total WBC counts were higher in venous samples, but demonstrated 
strong correlations and agreement before and after exercise, while MXD and NEUT were not 
different between the two sampling sites. Collectively, these results confirm previous findings at 
rest, but extend our knowledge by showing that measurements may be sampled from capillary 
blood after an acute exercise bout with consideration of small differences for certain outcomes. 
In this initial study, capillary sampling may be used at rest and following exercise to 
measure lymphocyte counts in healthy, young populations. Bland-Altman analysis showed strong 
agreement and correlation coefficients demonstrated strong positive relationships for LYM before 
and after acute exercise. At baseline, the correlation was strong (r=0.897), and the mean difference 
was minimal (bias = -0.04x103/µL) between the two sites. 95% of these differences in LYM 
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measurements (LOA) fell between -0.6 – 0.5x103/µL, which is within normal clinical ranges for 
LYM. Following exercise, bias increased to -0.22x103/µL and the correlation decreased minimally 
(r=0.895) at 0-POST, but at 30-POST bias decreased to -0.10x103/µL and the correlation also 
decreased (r=0.803). These mean differences after exercise were slightly higher than baseline, with 
a trend toward higher venous counts immediately after exercise, however, they fall within the 
normal variation of our laboratory’s automated hematology analyzer (LYM coefficient of variation 
(CV) = 0.2) and do not demonstrate significant differences between sampling sites. A marginally 
weaker correlation at 30-POST may be explained by a smaller sample (n=20) compared to BASE 
and 0-POST (n=21), which was due to missing data points at this timepoint.  
There was a trend for the interaction of site x time for LYM (p=0.055) where LYM was 
higher in venous blood at 0-POST and the effect size of this difference was 𝜂𝑝
2=0.182. This is a 
large effect size, which may be of some concern immediately following exercise. However, 
examining both accuracy and agreement in this study allows for corrections to be implemented if 
precise estimates of LYM are required by using the average mean difference between venous and 
capillary blood. Differences in counts between sites may potentially be attributed to the adhesion 
of lymphocytes to the capillary bed when squeezing the fingertip before and during capillary 
sampling, which can affect lymphocyte concentration in capillary samples (Daae et al., 1988; 
Srisala et al., 2019). Our results support previous literature that suggest that LYM counts between 
venous and capillary samples are agreeable at rest (Nunes et al., 2006; Podgorski et al., 2014; Rao 
et al., 2011) and we extend these findings by demonstrating that LYM counts continue to be 
agreeable between the two sampling methods following acute exercise.  
Moving beyond LYM (our primary outcome), capillary sampling also provides an accurate 
and agreeable alternative means of assessing WBC following acute exercise in additional 
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hematological parameters. Although WBCs were slightly higher in venous blood, both sampling 
sites changed similarly in response to exercise (counts increased from baseline to 0-POST and 
decreased from 0-POST to 30-POST). Bland-Altman biases and limits of agreement suggest that 
a 6% difference is likely not of clinical significance, as average differences of 0.05x103/µL WBC 
at baseline, -0.33x103/µL at 0-POST, and -0.28x103/µL at 30-POST are all within normal 
variations of the Sysmex analyzer in use in our laboratory (WBC CV = 0.2 at BASE and 0-POST; 
CV = 0.3 at 30-POST). This indicates that these differences between sampling methods fall within 
acceptable clinical limits, therefore, capillary blood may be used for measuring WBC before and 
after exercise (Mayo Foundation for Medical Education and Research, 2021). These findings 
support and extend previous studies that have shown strong relationships between sampling sites 
for total WBC counts at rest (Chavan et al., 2016; Kim et al., 2009; Podgorski et al., 2014). 
However, most preceding studies that have shown differences in WBC counts have shown that 
they are higher in capillary blood, which conflicts with our results. In our resting sample, there is 
very close agreement between sites. However, the incorporation of exercise appears to magnify 
this difference for WBC, LYM, and NEUT, even if the interactions were non-significant. The 
reasons for differences in immune cell count between venous and capillary blood are largely 
unknown. However, we hypothesize that this finding could be a result of slower mobilization of 
WBC to capillary blood compared to venous blood following an acute exercise stress, leading to 
lower capillary counts of respective immune cells (Canetti et al., 2016; Peake et al., 2017). In 
addition, previous studies have acknowledged that the potential for sampling error, hemolysis of 
red blood cells, and immune stimulation variability during capillary sampling may also contribute 
to this difference (Cracknell et al., 1995; Kayiran et al., 2003; Podgorski et al., 2014; Yang et al., 
2001). 
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Our study also demonstrated that acute aerobic exercise caused an immune response in 
lymphocytes, white blood cells, and mixed cells (monocytes, basophils, and eosinophils). Both 
venous and capillary counts were elevated immediately post-exercise and decreased closer to 
baseline values following a 30-minute recovery period, which supports our and others’ previous 
work that aerobic exercise can cause an acute immune response (Hanson et al., 2017; Hanson et 
al., 2019; Rooney et al., 2018). While there were no interactions of site x time, 40 minutes of 
aerobic exercise at 94% of VT successfully mobilized leukocytes and capillary blood captured 
these effects similarly to venous blood. This shows that these methods are comparable when 
measuring leukocyte’s responses to acute exercise. 
As described previously, both MXD and NEUT counts increased post-exercise, but NEUT 
remained elevated at 30 minutes post-exercise (2% higher than 0-POST), while mixed cells 
predictably decreased toward baseline values. It is well-established that neutrophil concentrations 
stay elevated in the recovery stages of moderate to vigorous aerobic exercise, likely due to 
increased glucocorticoids and cytokines in plasma, which mobilize myeloid cells into circulation 
(Peake et al., 2017; Gillum et al., 2011; Suzuki et al., 1999). The reason for slightly higher venous 
NEUT counts is unknown, but like WBC counts, we hypothesize that it may be linked to a faster 
mobilization of immune cells into venous blood compared to capillary blood following acute 
exercise. These findings seem to support results from Canetti et al (2016) where leukocytes showed 
no differences between sampling sites, but the functionality of neutrophils was higher in venous 
blood. This indicates that simple leukocyte counts may be similar between venous and capillary 
samples, but neutrophil concentration and function should be studied further to determine if there 
are significant differences post-exercise.  
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 HGB and HCT were both higher in venous samples (3% and 6%, respectively), however, 
hemoglobin showed better agreement between the two sampling sites compared to hematocrit. 
HGB was strongly correlated and showed good agreement before and immediately after exercise, 
with a smaller correlation coefficient and moderate agreement 30 minutes post-exercise. While 
agreement was lower at 30-POST, the mean difference between venous and capillary blood for 
HGB (-0.90 g/dL) is likely not of clinical importance (Mayo Foundation for Medical Education 
and Research, 2021). This supports previous work that has shown HGB is similar between the two 
sampling sites and can therefore be sampled from capillary blood before and after exercise (Hütler 
et al., 2000; Rao et al., 2011; Yang et al., 2001). 
HCT was also strongly correlated at baseline with good agreement between the two 
sampling sites, but following exercise, HCT showed lower levels of agreement in which the mean 
difference between venous and capillary blood is likely clinically significant at 0-POST (-3.1%) 
and 30-POST (-7.28%). The normal clinical range for HCT at baseline is 35 – 48.6% for adults 
and 3-7% differences between sites suggests that caution may need to be used when measuring 
HCT using capillary blood samples post-exercise (Mayo Foundation for Medical Education and 
Research, 2021). Previous literature has shown conflicting results for HCT concentration at rest, 
with multiple studies reporting that HCT is agreeable between sampling sites (Chavan et al., 2016; 
Simmonds et al., 2011; Yang et al., 2001), while others have found that HCT taken from capillary 
samples are not clinically accurate (Daae et al., 1991; Kayiran et al., 2003; Schalk et al., 2007). 
Our data suggest that HCT can be measured from capillary blood at baseline, but not after acute 
exercise until further investigation into these differences is reported. These differences in HCT 
concentration between venous and capillary blood can possibly be attributed to a buildup of 
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interstitial fluid when squeezing the fingertip to draw out adequate sample volume during capillary 
sampling (Podgorski et al., 2014). 
Our final aim was to assess sex differences in the hematological response to acute exercise, 
with a potentially attenuated response in females for lymphocytes and neutrophils, although we 
were not powered to detect sex differences. There are several key factors that may contribute to 
these potential differences. While males and females had the same inclusion criteria, differences 
in fitness level (males had greater relative maximal oxygen uptake) and the ability of male 
participants to sustain a higher average relative workload, may have influenced the results (Table 
2). Previous work has found that immune cells are mobilized based on intensity, with larger 
mobilization of leukocytes following higher exercise intensities, which may also explain the 
differences seen between males and females in this study (Brown et al., 2015; Jamurtas et al., 2018; 
Minuzzi et al., 2017; Moyna et al., 1996). Analyses of specific immune cell types was of interest 
in this study, but was not possible due to insufficient sample volumes from capillary blood, which 
also frequently prevented performing the CBC in duplicate. Future studies should investigate the 
agreement of CBC analyses in whole blood vs. pre-diluted mode to potentially mitigate this issue 
and extend the use of capillary samples for immune cell analyses. 
Amidst the novelty of our findings, there were limitations of this study. There were invalid 
data points (WBC=4, LYM=4, MXD=5, NEUT=5, HGB=4, HCT=8) due to insufficient sample 
volume and post-exercise blood clotting from capillary samples, along with 1 missing venous 
sample at 30-POST due to early cessation of the acute exercise visit. As mentioned previously, the 
unintended difference in fitness levels between males and females may have influenced the results. 
Examining maximal oxygen uptake normalized to lean mass % (instead of body weight) 
demonstrates a smaller difference in fitness status, which is potentially due to our inclusion of 
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different modes of exercise to count towards “recreationally active” training status. Finally, this 
study did not control for oral contraceptives in female participants, which could influence the 
immune response to exercise. 
One of the main strengths of this study was the inclusion of both male and female 
participants and female participants were tested during the first 10 days of their menstrual cycle to 
help minimize the effects of sex. Another strength is that the acute exercise trial in visit 3 
successfully elicited an immune response from participants, which contributes to the current 
literature surrounding the effects of exercise on the immune system. Importantly, a novel aspect 
of this research was the use of ANOVA, Pearson correlation, and Bland-Altman analyses to 
determine the accuracy and agreement of CBC measurements before and after exercise, which to 
our knowledge has not been previously reported.  
Conclusion 
 All CBC measurements analyzed in this study (LYM, WBC, MXD, NEUT, HGB, and 
HCT) demonstrated strong correlations between the two sampling sites at baseline, which was 
consistent with previous research. Following an acute bout of moderate intensity aerobic 
exercise, leukocytes (WBC, LYM, and NEUT) showed no site differences and remained strongly 
correlated between venous and capillary samples. MXD counts, along with HGB and HCT 
concentrations, showed lower levels of agreement and weaker correlations following exercise. 
Exploratory analyses showed that there were no biological sex differences of sampling site in 
relation to CBC measurements. These findings support previous work that capillary blood can be 
an alternative sampling method at rest for CBC measurements, however, this study offers 
preliminary evidence to support the use of capillary sampling following acute aerobic exercise 
for overall immune cell counts and hemoglobin concentrations. Future studies should examine a 
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similar research design (using different modes and intensities of acute aerobic exercise) in 
specific immune cell populations, cytokines, and other biomarkers with larger sample sizes to 
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